Alcohol use disorders affect millions of individuals. However, the genes and signaling pathways involved in behavioral ethanol responses and addiction are poorly understood. Here we identify a conserved biochemical pathway that underlies the sedating effects of ethanol in Drosophila. Mutations in the Arf6 small GTPase signaling pathway cause hypersensitivity to ethanol-induced sedation. We show that Arf6 functions in the adult nervous system to control ethanol-induced behavior. We also find that the Drosophila Arfaptin protein directly binds to the activated forms of Arf6 and Rac1 GTPases, and mutants in Arfaptin also display ethanol sensitivity. Arf6 acts downstream of Rac1 and Arfaptin to regulate ethanol-induced behaviors, and we thus demonstrate that this conserved Rac1/Arfaptin/Arf6 pathway is a major mediator of ethanol-induced behavioral responses.
Introduction
Alcohol abuse disorders are highly prevalent in many cultures yet come at great individual and societal cost (World Health Organization, 2004) . Numerous genes have been found associated with increased alcohol consumption in humans (Gelernter and Kranzler, 2009; Schumann et al., 2011) , but our understanding of the genetic risk factors and biochemical signaling pathways involved is far from complete. Therefore, Drosophila melanogaster has been developed as a model organism to investigate the genetics of ethanol-induced behaviors (Rodan and Rothenfluh, 2010) . As in mammals, low doses of ethanol lead to locomotor activation in Drosophila, whereas high doses are sedating (Wolf et al., 2002) . Furthermore, flies develop conditioned place preference during exposure to alcohol as a reinforcing stimulus (Kaun et al., 2011) , and they display preference for alcohol consumption in a two-bottle choice paradigm (Devineni and Heberlein, 2009) .
In addition to the similarities in the behavioral responses to ethanol displayed by mammals and flies, numerous genes and signaling pathways have also been found to affect alcoholinduced behaviors in both flies and vertebrates. Mouse EPS8 actin-capping protein knock-outs display increased ethanol consumption and preference (Offenhäuser et al., 2006) . In primary cultured neurons from these mice, the ethanol-induced reduction of both F-actin staining and NMDA receptor current is markedly suppressed, suggesting a link between the actin cytoskeleton and alcohol-induced behaviors (Offenhäuser et al., 2006) . Similarly, flies with mutations in the arouser gene, encoding the EPS8 homolog, also show altered ethanol-induced behavior (Eddison et al., 2011) .
Controlled changes in the actin cytoskeleton are crucial for neuronal development (Watabe-Uchida et al., 2006) and synaptic function (Cingolani and Goda, 2008) . The Rho family of GTPases is a major regulator of actin dynamics (Heasman and Ridley, 2008) . Drosophila RhoGAP18B inactivates members of the Rho family of small GTPases, and white rabbit (whir) mutations in RhoGAP18B cause resistance to ethanol-induced sedation (Rothenfluh et al., 2006) and decreased voluntary ethanol consumption in a two-bottle choice paradigm (Devineni et al., 2011) . However, it is unclear how RhoGAP18B-mediated regulation of the actin cytoskeleton modulates ethanol-induced behavior.
To better understand the signaling pathways in which RhoGAP18B participates, we performed a genetic screen to isolate mutations that genetically interact with RhoGAP18B whir mutants. Here we report that the small GTPase Arf6 and Drosophila Arfaptin (Arfip) act together with RhoGAP18B and the Rho-family GTPase Rac1 to control ethanol-induced sedation. We show that both Arf6 and Arfip are required for normal resistance to ethanol-induced sedation. To display wild-type ethanol sedation, flies need Arf6 in the nervous system and in adulthood but not during development. We find that Arfip binds to Arf6 and Rac1 in vivo and in cultured cells, and we also show that Arf6 acts downstream of Arfip and Rac1 to modulate ethanol-induced behavior. Thus, the conserved Rac1/Arfip/Arf6 pathway is necessary for flies to display normal resistance to ethanol-induced sedation.
Materials and Methods
Fly stocks and genetics. Flies were maintained on regular cornmeal/yeast/ molasses at 25°C/65% humidity (unless otherwise specified). Flies were outcrossed for at least five generations to the w 1118 Berlin genetic background. The following fly strains were obtained from the Bloomington Drosophila Stock Center: Arf6 P2 (EP2612, stock #17076), Arf6 KG (KG02753, stock #13763), and Arfip d04253 (stock #19201, the original whir 3 -interaction strain). Arfip 12 was generated by imprecise excision of Arfip (Szeged Drosophila Stock Centre) and deletes nucleotides 7059,346 -7060,959, including the first two exons and starting codon of Arfip. Arfip 71 is a null mutation obtained from the Eaton laboratory and described previously (Chang et al., 2012) . Arf6
Gal4 was obtained from the Kyoto Stock Center (NP5226, stock #104910) and harbors a Gal4-containing P-element in the first intron.
Behavioral experiments. With the exception of experiments using whir/ϩ females, males were used for all experiments. In both cases, they were 2-7 d old. Ethanol exposure and determination of the ST-50 via measuring the flies' loss-of-righting reflex was performed as described previously (Rothenfluh et al., 2006) . Briefly, flies unable to right themselves after light tapping were counted every 5 min, and the time for 10 of 20 flies to sedate was determined by linear interpolation for n ϭ 1. Each set of experimental and control flies was assayed in parallel on the same day and repeated at least one time on a different day.
For developmental versus adult rescue, flies carrying a temperaturesensitive allele of Gal80, Tub-Gal80 ts , which suppresses Gal4 at 18°C but is inactive at 25°C, were grown at 18°C, shifted to 25°C for 3 d as adults (or vice versa), and then assayed at room temperature. The driver whir 3 -Gal4/ϩ was used, because we obtained incomplete suppression of Gal4 expression by Tub-Gal80 ts when using either the elav c155 -Gal4 or Arf6
Gal4 drivers. Daily locomotion activity was measured with the Drosophila Activity Monitor system (TriKinetics). CO 2 sensitivity was measured using a Flowbuddy/ultimate flypad (Genesee Scientific) and a CO 2 gun with a 23 gauge needle. Four flies per tube were exposed to CO 2 at 5 l/min, and the time was measured for two of four to sedate.
Ethanol absorption. Ethanol concentration in flies was measured using the ethanol reagent kit (catalog #229-29) from Genzyme Diagnostics. Ethanol concentration in flies was calculated assuming the volume of a fly to be 2 l. Controls and Arf6 and Arfip mutants (a total of n ϭ 3 per genotype were tested, where n ϭ 1 consisted of 90 flies) were exposed to ethanol vapors (150:0 ethanol/air) for various times points, and sedation was monitored throughout the exposures. At the end of the exposures, flies were frozen in dry ice and homogenized.
Statistical analyses. Data were analyzed using Prism (GraphPad Software). ANOVAs were performed, followed by Bonferroni's post hoc comparisons of the indicated datasets.
Cell culture and coimmunoprecipitations. Drosophila S2-Gal4 cells were maintained at 26°C in Schneider's medium (Invitrogen) with 10% fetal bovine serum. Constructs were made using Gateway cloning (T. Murphy, Carnegie Institution for Science, Baltimore, MD) and clonase (Invitrogen) and transfected using standard calcium chloride protocol. Stable transfections were generated with pCoHygro (Invitrogen) and maintained in the presence of 22 mg/ml hygromycin in the medium. For pull-downs, cells were washed in PBS, lysed in immunoprecipitation buffer (50 mM Tris-base, pH 7.4, 50 mM sodium chloride, 1% Triton X-100, 4 mM magnesium chloride, and protease inhibitor mixture; Roche Molecular Biochemicals), incubated for 4 h with FLAG beads (Sigma-Aldrich), and washed in PBS with an equal volume of 2ϫ Laemmli's sample buffer added before Western blot analysis. In vivo coimmunoprecipitation was performed from 100 fly heads homogenized in 800 l of lysis buffer at 4°C. After centrifugation, the supernatant was transferred to 50 l of anti-HA affinity matrix (Roche Diagnostics) and incubated for 2 h at 4°C. After three washes with PBS, 50 l of Laemmli's buffer was added, and 20 l was run per lane.
Antibody techniques. Immunohistochemistry was performed on whole-mount brains as described previously (Wu and Luo, 2006) , using anti-GFP (1:250; Invitrogen), anti-bruchpilot (nc82, 1:50), and FITC-and TRITC-labeled secondary (1:500; Sigma-Aldrich) antibodies. The nc82 antibody, developed by Erich Buchner, was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of Child Health and Human Development and maintained by the University of Iowa, Department of Biological Sciences. Western blots were performed using anti-Arf6 antibody (1:1000; Sigma-Aldrich), anti-Arfaptin (1:1000; obtained from the Eaton Laboratory), anti-GFP (1:5000; Invitrogen), anti-FLAG (1: 1000; Sigma-Aldrich), anti-actin (1:400; Sigma-Aldrich), anti-Rac1 (1: 1000; Millipore), anti-HA (1:5000; Sigma-Aldrich), anti-Cdc42 (1:1000; Santa Cruz Biotechnology), and HRP-coupled secondary (1:5000; Cell Signaling Technology) antibodies and visualized using enhanced chemiluminescence (GE Healthcare).
Results

Mutations in Arfaptin cause sensitivity to ethanolinduced sedation
We have shown previously that the Drosophila Rho-family GTPase activating protein RhoGAP18B, encoded by the whir gene, is required for ethanol-induced behavioral responses (Rothenfluh et al., 2006) . The strong loss-of-function allele whir 3 is semilethal, whereas others affecting ethanol responses are fully viable (Rothenfluh et al., 2006) . To uncover additional genes involved in RhoGAP18B-mediated signaling, we performed a small-scale genetic screen for modification of whir 3 semi-lethality with 300 randomly selected mutants on the third chromosome. We then tested whether mutations that modified this semi-lethal phenotype also modified the ethanol response defects exhibited by whir 1 . We isolated an interacting mutation in gene CG17184, encoding the sole Drosophila homolog of the two mammalian Arfaptins. Arfaptin2 was originally isolated as a binding partners for GTP-bound Rac1 (Rac1.GTP; Van Aelst et al., 1996) , and because RhoGAP18B can act on Rac1 in vitro and acts via Rac or Rho GTPase in vivo (Rothenfluh et al., 2006) , we decided to study Arfip (short for Drosophila Arfaptin) in the context of ethanol-induced sedation. We first generated null mutations by imprecise excision of the transposon inserted in Arfip (see Materials and Methods) and tested one of these loss-offunction alleles for behavioral ethanol phenotypes. Heterozygous Arfip 12 /ϩ partially suppressed the ethanol resistance of whir 1 (Fig. 1A) , and homozygous Arfip 12 mutants showed behavioral ethanol sensitivity (Fig. 1B) . To ascertain that mutation in Arfip was the cause for the observed ethanol sensitivity, we performed a genetic rescue experiment. Expressing HAtagged Arfip in Arfip mutants using a leaky heat-shock (hs) Gal4 driver rescued both the behavioral ethanol sensitivity ( Fig. 1C ) and the loss of Arfip protein on Western blots (Fig. 1D ). These data indicate that Arfip is required for normal ethanol-induced behavior.
Loss of Arf6 leads to ethanol sensitivity
Mammalian Arfaptin2 can bind to both Rac1 and Arf6 small GTPases (Van Aelst et al., 1996; D'Souza-Schorey et al., 1997) . We therefore tested Arf6 mutants for their effects on ethanolinduced sedation. Similar to Arfip, an Arf6/ϩ heterozygous mutant partially suppressed whir 1 ethanol resistance ( Fig. 2A ) and showed ethanol sensitivity when homozygous (Fig. 2B) . The ethanol-sensitivity phenotype of the Arf6 transposon-insertion mutants (see Materials and Methods) was unchanged when crossed to a deletion that physically removes the Arf6 locus (Arf6 Df ; Fig. 2C ), indicating that they behave as genetic amorphs, or "nulls." To confirm that loss of Arf6 was the cause of the observed sensitivity to ethanol, we performed rescue experiments and took advantage of a Gal4-containing transposon insertion in the Arf6 gene, Arf6
Gal4 , as a driver. Arf6 Gal4 /Arf6 P2 flies showed ethanol sensitivity, and introducing an Arf6 cDNA (UAS-Arf6 ) into Arf6 mutants rescued that phenotype (Fig. 2D ) and also restored Arf6 immunoreactivity on Western blots (Fig. 2E ). Rescue was not observed in Arf6 KG /Arf6 P2 ;UAS-Arf6 mutant flies lacking the Gal4 transcriptional activator (Fig. 2D ). These data show that the small GTPase Arf6 is required for normal ethanolinduced behavior.
Arf6 and Arfip mutants had wild-type ethanol absorption and metabolism (Fig. 3A) , indicating that the ethanol sensitivity of these mutants (Fig. 3B) was not caused by a pharmacokinetic effect but reflected a pharmacodynamic change in Arf6 and Arfip mutant animals. We also tested the mutants for their reaction to the commonly used fly anesthetic CO 2 : it took Arf6 flies 24.9 Ϯ 0.4 s, Arfip flies 26.4 Ϯ 0.4 s, and control flies 27.9 Ϯ 0.5 s to sedate under CO 2 (n ϭ 13 each). The differences were significant ( p Ͻ 0.05), but the mutants showed a smaller change from wild type compared with their ethanol-sensitivity phenotype. To test whether the mutants were subvital or were generally weak and Gal4 mutant allele rescues the Arf6 sensitivity phenotype when a UAS-Arf6 transgene is introduced (**p Ͻ 0.001, n ϭ 6 -7, checkmarks indicate the presence of the UAS transgene). had locomotor defects, we tested them for their spontaneous locomotion activity over the span of 5 d. They showed no difference in their total activity counts per day (791 Ϯ 62 for Arf6, 1018 Ϯ 66 for Arfip, and 985 Ϯ 77 for controls, p Ͼ 0.06, n ϭ 16 each), indicating that the mutants were not generally weak and unhealthy.
Arf6 is required in the nervous system for normal ethanol-induced responses
To learn where in the animal Arf6 was required for wild-type ethanol behavior, we asked whether neural expression from Arf6
Gal4 was necessary for rescue. To test this, we used elav-Gal80, which suppresses Gal4 activity specifically in the nervous system (Yang et al., 2009) . Figure 4A shows that Arf6 mutant flies containing the Arf6 Gal4 driver and elav-Gal80 did not rescue behavioral ethanol sensitivity, indicating that neural expression of Arf6 is required for normal ethanolinduced behavior. We then used the weak neural driver elav 3E1 -Gal4 to ask whether exclusive nervous system expression of Arf6 was sufficient to rescue the Arf6 mutant ethanol sensitivity. Figure 4B shows that selective Arf6 expression in neurons was indeed sufficient for behavioral rescue, arguing that Arf6 functions in the nervous system to regulate ethanol-induced behavior. Neural expression promoted by the Arf6 Gal4 driver includes the mushroom bodies and neurosecretory cells (Fig. 4C) , both known to be involved in ethanolinduced behavior (Rodan et al., 2002; King et al., 2011) . Note that Arfip is expressed predominantly in the CNS in Drosophila embryos (Chang et al., 2012) , consistent with a role of Arfip and Arf6 in the nervous system.
Adult expression of Arf6 is necessary and sufficient for normal ethanol responses
Arf6 is involved in many processes in the nervous system, including neurite development (Hernández-Deviez et al., 2002) and synapse function (Scholz et al., 2010) . For normal ethanol-induced sedation, Arf6 could be required for sedationcircuit assembly or, alternatively, Arf6 might be required for normal function in adult neurons. In mutant Arf6
Gal4 flies, neither gross brain anatomy nor the morphology of the Gal4-expressing neurons showed obvious abnormalities (Fig. 4C) , suggesting that neural development was essentially normal in Arf6 mutant flies. Because we might have missed subtle developmental defects in this experiment, we wanted to directly test the requirement for Arf6 in adults, using Gal80 ts , which allows for temperature-dependent suppression of Gal4-driver activity (McGuire et al., 2003) . Expressing UAS-Arf6 in Arf6 mutants throughout development and then shutting off expression in the adult did not rescue the ethanol-sensitivity phenotype of Arf6 mutants (Fig.  5A) . In contrast, adult-specific UAS-Arf6 expression was sufficient to rescue Arf6 mutant ethanol sensitivity to wild-type levels (Fig. 5B) Gal4 is necessary for rescue, because neuronal expression of the Gal4 inhibitor Gal80 (elav-Gal80) suppresses rescue (**p Ͻ 0.001, n ϭ 7-8, checkmarks indicate transgene presence). B, Neuronal expression of UAS-Arf6 (with the weak elav 3E1 -Gal4 driver) is sufficient to rescue the Arf6 mutant ethanol sensitivity (**p Ͻ 0.001, n ϭ 5-6). C, Expression of Gal4 from the Arf6 Gal4 allele in wild-type Arf6 Gal4 /ϩ (left) and Arf6 Gal4 /Df mutant (right) brain visualized with anti-GFP (green). The brain neuropil was stained with anti-Brp antibody (also known as nc82, red). Regions stained include the mushroom bodies (MB) and neurosecretory cells (NS), which are known to be involved in behavioral ethanol responses. No gross morphological aberrations are obvious in the mutant (see Results). Scale bar (bottom left), 100 m. (Fig. 5B) ], further suggesting a functional link between RhoGAP18B and Arf6.
UAS-RhoGAP18B (Rothenfluh et al., 2006)], as well as the Arf6 mutant phenotype [when providing UAS-Arf6
We also sought to rescue the Arf6 mutant phenotype by specifically expressing UAS-Arf6 in the adult nervous system. Figure  5C shows that mutant Arf6 flies expressing UAS-Arf6 with the neural driver elav c155 -Gal4 displayed ethanol-induced sedation rescued beyond wild type, i.e., they were slightly more resistant than wild-type flies. This suggested that the strong nervous system driver elav c155 -Gal4 might not just restore Arf6 levels to wild type but cause overexpression of Arf6, leading to resistance. We directly tested whether too much Arf6 in wild-type flies leads to ethanol resistance and found that neuronal overexpression of UAS-Arf6 in adult wild-type flies caused strong ethanol resistance (Fig. 5C ). Keeping the same flies at Gal4-suppressing 18°C caused neither behavioral ethanol resistance nor Arf6 overexpression (as assessed by Western blots; data not shown). Together, these data are consistent with the interpretation that Arf6 modulates adult neuronal function and that too little Arf6 protein leads to ethanol sensitivity, whereas too much Arf6 causes ethanol resistance. into an Arf6 mutant genotype did not enhance Arf6 ethanol sensitivity (Fig. 6A) . In contrast, when we introduced the unrelated ethanol-sensitive mutation cheapdate (Moore et al., 1998), we observed an additional increase of ethanol sensitivity compared with Arf6 single mutants (Fig. 6B) . These data suggest that Drosophila Arf6 and Arfip regulate behavioral ethanol sedation in the same pathway in vivo.
We next wanted to know whether, and how, Drosophila Arfip interacts with Arf6 and Rho-family GTPases. Tarricone et al. (2001) Figure 7A shows that Arfip preferentially interacted with GTP-locked Rac1 G12V and only weakly with GDP-bound Rac1 T17N . As with mammalian Arfaptin2, fly Arfip showed preferential interaction with GTP-locked Arf6 Q67L over GDP-bound Arf6 T44N (Fig. 7B) . Thus, Arfip binds to the activated form of both Arf6 and Rac1, and all three proteins are required for normal resistance to ethanol sedation (Figs. 1, 2) (Rothenfluh et al., 2006) .
To test whether Arfip would also interact with Arf6 and Rac1 in vivo, we immunoprecipitated neuronally expressed Arfip-HA from (elav c155 -Gal4;UAS-Arfip-HA/ϩ) fly heads. The proteins pulled down together with Arfip-HA included Arf6 and Rac1 but not another small GTPase, Cdc42 (Fig. 7C) . This indicates that Arfip exists in physical complexes with both Arf6 and Rac1. C B A Figure 5 . Adult, but not developmental, Arf6 expression is required for normal ethanolinduced behavior. UAS-Arf6 expression was suppressed using ubiquitous Gal80 ts , which inhibits Gal4 at 18°C but not at 25°C. The flies were shifted to experimental temperature for 3 d after eclosion, as indicated by the small schematics. All flies in each panel underwent the same temperature shifts. A, Expression of UAS-Arf6 during development, using whir 3 -Gal4/ϩ as a driver, does not rescue ethanol sensitivity of Arf6 mutants (NS, p ϭ 0.63, n ϭ 11 per genotype). B, UAS-Arf6 expression in the adult only completely rescues the Arf6 ethanol sensitivity (**p Ͻ 0.001, n ϭ 8). C, Strong nervous system expression of UAS-Arf6 (with the elav c155 -Gal4 driver) causes lethality. When expressed in the adult only (same temperature regimen as in B), it rescues mutant Arf6 flies beyond wild type (light stippled bar, *p Ͻ 0.05) and causes strong ethanol resistance when overexpressed in normal flies (dark stippled bar, **p Ͻ 0.01, n Ͼ 7). We then wanted to understand the hierarchical relationship between Arf6, Arfip, and Rac1 and how signaling is transduced from one component to the next. In the induction of membrane ruffling, Rac1 acts downstream of Arf6 (Franco et al., 1999) , whereas it acts upstream of Arf6 in inducing dendrite branching (Hernández-Deviez et al., 2002) . To determine the relationship of Rac1, Arf6, and Arfip in the control of ethanolinduced behavior, we performed genetic epistasis experiments. Adding ethanol-resistant whir 1 or activated Rac1 G12V mutations to ethanol-sensitive Arf6 mutants did not change the ethanol sensitivity of Arf6 mutants alone (Fig. 7 D, E) . This suggests that Arf6 acts downstream of both RhoGAP18B and Rac1 in the control of ethanol-induced sedation. We also found that the ethanolsensitive mutant Arfip 12 was unable to change ethanol resistance caused by UAS-Arf6 overexpression (Fig. 7F ) , indicating that Arf6 also acts downstream of Arfip. Together, these data suggest that Arf6, Arfip, and Rac1 all act to promote ethanol resistance in wild-type flies and that Arf6 acts downstream of Arfip and Rac1 to mediate normal ethanol-induced behavior.
Discussion
Arf6 function in behavior
We have shown previously that RhoGap18B and Rac1, proteins involved in the dynamic regulation of the actin cytoskeleton, are required for normal ethanol-induced behavioral responses (Rothenfluh et al., 2006) . To better understand the molecular mechanisms involved in this regulation of behavior, we performed a genetic interaction screen. Here, we show that Arf6 is a critical regulator of behavioral responses to ethanol and that flies lacking Arf6 are highly sensitive to ethanol-induced sedation. This is the first report showing an involvement of Arf6 in adult behavior. Drosophila and mammalian Arf6 are highly conserved, with 96% identity at the amino acid level. Mice with Arf6 knocked out survive throughout early development but die midgestation or shortly after birth with small, abnormal livers (Suzuki et al., 2006) . In flies, the only phenotype described so far for Arf6 mutants is male sterility (Dyer et al., 2007; Huang et al., 2009) . Molecularly, Arf6 is involved in actin organization and membrane trafficking at the plasma membrane (Donaldson, 2003; Schweitzer et al., 2011) , and, in the nervous system, Arf6 has been implicated in numerous processes, including developmental ones, such as dendrite establishment (Hernández-Deviez et al., 2002; Choi et al., 2006) , or functional ones, such as longterm depression (LTD) (Scholz et al., 2010) . We show that strong loss-of-function mutations in Arf6 cause flies to be very sensitive to ethanol-induced sedation, whereas other behaviors, such as baseline locomotion, are unaffected. We find that Arf6 is required in the adult nervous system, but not during development, to control ethanol-induced behavior. This suggests that Arf6 is not required to set up the neuronal circuits controlling ethanolinduced behavior but rather functions in the adult nervous system, perhaps acutely modulating neuronal function or plasticity, as it does in LTD-mediated AMPA receptor endocytosis (Scholz et al., 2010) . (Tarricone et al., 2001) , which are thought to induce, or bind to, curved membranes (Frost et al., 2009) . This suggests that Arfaptin2 may promote vesicle formation, and Arfaptin2 can indeed tubulate liver liposomes in vitro (Peter et al., 2004) and trans-Golgi structures when overexpressed in HeLa cells (Man et al., 2011) .
Arfaptin2 binds to Arf6 and Rac1 proteins in vitro and in cultured cells (D'Souza-Schorey et al., 1997; Shin and Exton, 2001 ), and we show that fly Arfip binds to these two GTPases in vivo, using coimmunoprecipitation assays from fly head extracts. Arfip acts synergistically with Arf6 to cause actin reorganization at the cell periphery (D'Souza-Schorey et al., 1997), suggesting that these two proteins act together in the same pathway and direction. Conversely, overexpressed Arfaptin1 inhibited the activation of the Arf effector phospholipase D, thereby antagonizing the activity of Arf GTPase (Williger et al., 1999) . Our findings argue that Arfaptin acts together with GTPase signaling in the same direction. We show that loss of either Arfip or Arf6 function causes sensitivity to ethanol-induced sedation, and we have shown previously that that reduced Rac1 signaling causes ethanol sensitivity (Rothenfluh et al., 2006) . Together, these findings suggest that Arf6, Arfip, and Rac1 all act together to control peripheral actin and membrane organization and thereby promote behavioral ethanol resistance.
Role of Rac/Arfaptin/Arf6 signaling in ethanol responses
Previous experiments have suggested that Arf6 could act downstream of Rac1. This was shown by suppressing Rac1-induced membrane ruffling with dominant-negative Arf6 (Radhakrishna et al., 1999) and by suppressing increased dendrite branching, induced by dominant-negative Rac1, with constitutive-active Arf6 (Hernández-Deviez et al., 2002) . Our genetic data indicate that Arf6 controls ethanol-induced behavior downstream of Rac1 and Arfip (Fig. 7) . Canonically, this would be interpreted as Rac1 activating Arfip, which then activates Arf6. However, because Arfip contains neither a CRIB (Cdc42/Rac-interactive binding protein) Rac effector nor an ArfGEF GTP-loading domain, we suggest an alternative model wherein activated Arf6 recruits Arfip, which helps in vesicle formation, and also recruits Rac1, which is required for controlling actin dynamics to permit vesicle transport from, or to, the plasma membrane. This would allow for spatial and temporal coordination of these two essential functional components of membrane trafficking. Disrupting the actin cytoskeleton does indeed interfere with both endocytosis (Galletta and Cooper, 2009 ) and redistribution of Arf6 and receptors from the recycling endosomes to the plasma membrane (Radhakrishna and Donaldson, 1997) . In this model, Arf6 would be required for Rac1 recruitment, and Rac1 would be required for Arf6 redistribution. This might explain why dominant-negative Rac1 inhibited actin reorganization induced by the Arf6 activator EFA6 (arguing that Rac1 is downstream of Arf6) (Franco et al., 1999) .
What cellular processes could this signaling cascade be involved in to control ethanol-induced sedation? Endogenous Arf6 and Rac1 colocalize at the plasma membrane and on recycling endosomes, and stimulation of Arf6 relocates both Arf6 and Rac1 to the plasma membrane (Radhakrishna et al., 1999) . These GTPases thus act in concert to regulate structural changes of peripheral actin and membrane (Palamidessi et al., 2008) , and, given our finding that Arfip binds to GTP-bound forms of Arf6 and Rac1, Arfip may serve as a physical link between these two regulators of the actin cytoskeleton and membrane dynamics. In primary hippocampal neurons, Arf6 and Rac1 are both required for the maturation of dendritic filapodia, which is associated with synaptic maturation (Raemaekers et al., 2012) . Increases in synapse number in adult flies has been shown to cause increased ethanol sensitivity (Eddison et al., 2011) , and one intriguing possibility is that the Rac1/Arfip/Arf6 pathway might be involved in Drosophila synapse maturation, regulating the strength or number of connections. A second possibility is that Arf6 plays a role in trafficking of receptors important for ethanol-induced behavior, similar to the role of Arf6 in -opioid receptor trafficking, which is involved in opiate addiction (Rankovic et al., 2009) . Future experiments will investigate these possibilities and help to elucidate the processes regulated by Rac1/Arfip/Arf6 signaling to control ethanol-induced behaviors.
